Abstract. Prosopis affinis is native tree of the Brazilian Pampa, recognized as an important species to local culture and economy. Despite the ecological and the economic potential of this tree, studies in Brazil are limited to descriptions of the occurrence sites of P. affinis. Aiming to determine the existence of diversification at floral and/or at population levels for this species, morphological characteristics of inflorescences and flowers of Prosopis affinis growing in the Pampa biome were measured, while the pollen/ ovule ratio and the outcrossing index were determined as an indirect estimate of the species breeding system. No clear reproductive specialization related to flower position in the inflorescence was observed, although basal flowers in the inflorescence presented reduction of the androecium. The results also showed that P. affinis presents a breeding system intermediary between facultative autogamy and xenogamy, with upper stamens supporting self-pollination, reduced stamens supporting outcrossing and the likely occurrence of an evolutionary shift at geographical level. These findings highlight the importance of conserving the remnants of P. affinis in southern Brazil and further investigate the pollination biology, the breeding system and the genetic diversity of this species, promoting its conservation and better understanding the effect of forest fragmentation in the Pampa biome. Further analyzes comparing isolated and larger continuous populations, as well as estimations of the real outcrossing rate of P. affinis through genetic studies and controlled experiments to evaluate auto-compatibility are recommended in order to generate more information about this issue.
Introduction
Adaptive implications of floral traits are related to pollination, breeding and mating system, and to the evolution of plant species (Johnson & Steiner 2000) , even affecting speciation rates (Sargent 2004) . These adaptive floral traits can vary spatiotemporally as a result of distinctive selective forces over differences in plant-pollinator interactions generating a complex pattern of floral adaptation between plant populations (Thompson 1999 , Etcheverry et al. 2008 . In this way, spatial variation in critical floral traits related to plant reproduction could lead us to infer important features of plant life history associated with reproduction process.
The worldwide-spread genus Prosopis L. (Fabaceae) is one of the most important plant taxa providing firewood, timber for local community, as well as edible fruits and forage for wildlife and domestic animals in arid and semi-arid regions (Burkart 1976 ). However, the deficiency of information about pollination, breeding and mating systems of species from this genus challenges the development of conservation and management strategies for species with economical and ecological importance.
Studies about the breeding system of seven species from section Algarobia of genus Prosopis (P. glandulosa, P. velutina, P. chilensis, P. nigra, P. alba, P. flexuosa and P. ruscifolia) revealed from total outcrossing (P. nigra) to auto-compatible (P. alba) species with up to 28% of selfing (Bessega et al. 2000) .
A useful predictor of breeding system in plants is the ratio of pollen grains to ovules (P/O ratio), a methodology validated by several studies (Cruden 1977 , Chouteau et al. 2006 , Hentrichet al. 2010 ) and considered more effective than other morphological characteristic. The P/O ratio reflects the efficiency of pollination, as lower values of P/O suggest more efficient pollen transfer between conspecifics. This ratio was also shown to be direct related to the successional stage of a species (Cruden 1977) . In addition, such proportions of pollen to ovules may be used estimate the outcrossing index (OCI), allowing the inference of autogamous breeding system in plants (Cruden 1977) .
Prosopis affinis Spreng. is native to the Brazilian Pampa and recognized as an important tree species to local culture and economy (Marchiori & Alves 2011) . Despite the ecological importance as a pioneer species and the economic potential of this tree, studies in Brazil are limited to descriptions of the occurrence sites of P. affinis , 2011a , 2011b , 2011 . Therefore, the conservation and management of P. affinis requires informative data about species biology, genetics and reproduction.
Flowers of P. affinis are expected to follow the traits of the genus, with hermaphrodite cross-pollinated flowers, bees as the main pollinator, and floral specialization along the inflorescence. However, variation in these traits could occur in response to environment gradients or disturbances in abiotic or biotic conditions (Johnson & Steiner 2000 , Busch 2011 , Niet & Johnson 2012 . Population fragmentation may decrease seed dispersal and affect the plant-pollinators interactions, disturbing fitness parameters (Aguilar et al. 2006 , Stefenon et al. 2016 and the plant population genetic structure (Jacquemyn et al. 2012 , Lemos et al. 2015 , Nagel et al. 2015 .
Since the middle of the XVIII century, the Brazilian Pampa has an economy based on monoculture and livestock, exploring the grass-dominated vegetation (Roesch et al. 2009 ). Such economic exploitation hinders the expansion of the forest formations and increases the genetic and evolutionary consequences of fragmentation in tree species within this biome (Lemos et al. 2014 , Nagel et al. 2015 , Stefenon et al. 2016 . Thus, considering the fragmented distribution of the Brazilian populations of P. affinis within a disturbed matrix of agricultural lands and the indirect effects of habitat fragmentation in plant breeding sys-tems, such isolated populations of this species might undergo a process of adaptation through transition from specialized to general pollination systems with mixed breeding system, giving the fact that pollinator availability might also oscillate. Aiming to test this hypothesis and to indirectly characterize the species breeding system, we examined the morphological characteristics of inflorescences and flowers of P. affinis from natural populations in the Brazilian Pampa and estimated the P/O ratio and the outcrossing index of this species. We intended to answer the following questions: (i) is there significant differentiation in floral morphology within the same inflorescence, reflecting some degree of diversification at floral level? (ii) Is there some significant differentiation in floral morphology among populations, reflecting some degree of diversification at geographical level? (iii) Are the estimations of P/O ratio and OCI characteristic of species with mixed breeding system?
Material and methods

Studied species
The genus Prosopis presents at least 40 species distributed in Asia, Africa and predominantly in America where 70% of the species can be found (Ribasky et al. 2009 ). Prosopis affinis is a tree species native to southern Brazil, Uruguay, and eastern Argentina (Pasiecznik et al. 2001) . This is a primarily outcrossing, insect pollinated tree species, currently classified as vulnerable in the Rio Grande do Sul State, Brazil (FZB 2014) due to the fragmented distribution and small size of the majority of the populations. Occurring exclusively in the Pampa biome, only six populations of P. affinis are documented in Brazil , 2011a , 2011b , 2011 .
Study sites
Three natural populations of P. affinis occurring as isolated formations in disturbed environments near agricultural systems of rice, soybean and cattle ranching within the Brazilian Pampa were investigated. Inflorescences were collected during local summer (February) in populations Quaraí (30°12'50"S, 56°32'7"W), São Vicente (29°42'13"S, 54°56'5"W) and Cacequi (29°47'54"S, 55°00'5"W). Vouchers were deposited in the Herbarium Bruno Edgar Irgang (HBEI) at Universidade Federal do Pampa, Campus São Gabriel. The vegetation of this area is characterized as steppic-savannah (Roesch et al. 2009 ) and climate is classified as Cfa (Humid subtropical climates) according to Köppen (Kuinchter & Buriol 2001) .
Morphological differentiation among flowers
Total number of flowers per inflorescence (n = 22) was counted under a stereomicroscope using 400X magnification. Thirty flowers collected from eight individuals were sampled from basal, middle and apical portions of the inflorescence ( Figure 1A ), totalizing 90 flowers analyzed in each population. Floral morphology was characterized for individual flowers by measuring: (1) the height of the calyx, (2) the height of the corolla, (3) the height of the upper stamens, (4) the height of the lower stamens, (5) the height of the style, (6) the basal diameter of the calyx and (7) the diameter of the corolla ( Figure 1B ). All measures were obtained using a stereomicroscope with scales. A multivariate analysis (Principal Component Analysis, PCA) was employed to evaluate the morphometric differentiation among samples of the three populations. Since the floral differentiation may occur in distinct positions of the flower in the inflorescence, characterizing a reproductive distinction within the inflorescence, the correlation among all samples was evaluated through the nine morphometric measures in each of the three floral positions (basal, middle and apical), totalizing 27 morphometric measures combined. The multivariate analysis was performed using the software PAST 3.04 (Hammer et al. 2001 ).
Estimations of reproductive parameters
The pollen/ovule ratio (P/O ratio) and the outcrossing index (OCI) were used to indirectly estimate the breeding system of P. affinis. The pollen-ovule ratio was determined by dividing the number of pollen grains per flower by the number of ovules per flower (Cruden 1977) for each floral position (basal, middle and apical) from flowers of populations Cacequi and Quaraí (there was not buds in the inflorescences collected from São Vicente).
The outcrossing index was estimated according to Cruden (1977) , as the sum of ascribed values for three floral features: diameter of the flower (corolla up to 1.0 mm = 0; 1-2 mm = 1; 2-6 mm = 2; >6 mm = 3), temporal separation of anthers dehiscence and stigma receptivity (homogamy and protogyny = 0; protandry = 1), and spatial relationship of stigma and anthers (stigmas and anthers at the same level and possible contact between anthers and stigma = 0; stigma and anther spatially separated and unlikely contact = 1).
Statistical analysis
Statistical differences of means of the measured traits among populations and flower positions and of the P/O ration between populations were verified with Kruskall-Wallis hypothesis test and Dunn´s test a posteriori (α = 0.05) once checked for normality of samples distribution with Lilliefors test and its homogeneity with Levene test, using the software Bioestat 5.0.
Results
Measurements of floral morphology
Prosopis affinis inflorescences presented in average 117.13±29.50 yellowish, tubular hermaphrodite flowers ( Figure 1A) . Basal, middle and apical flowers have five lower and five upper stamens and a single style ( Figure 1B) . Interestingly, while the upper stamens may promote self-pollination, flower with style higher or with same size of the stamens were observed in 23.33% of basal flowers, 15.55% of middle flowers and 16.66% of apical flowers, a pattern that may avoid the occurrence of self-pollination.
The height of lower and upper stamens was significantly different (p < 0.05) across basal, middle and apical positions in the inflorescence in all populations ( Quaraí (Figure 2A-B, Table 1 ), while the apical flowers were the longest in population São Vicente ( Figure 2C , Table 1 ). The same pattern was observed for the height of the styles, with shorter structures in the basal position ( Figure  2D -F, Table 1 ). However, the longest styles diverged in each population. In population Cacequi, the longest styles were found in the middle position of the inflorescence, while the longest styles in population São Vicente were observed in the apical position ( Figure 2F , Table 1). In population Quaraí, flowers from the middle and apical positions presented styles longer than the basal ones, but not statistically different from each other ( Table 1) .
The diameter of the calyx of basal flowers was smaller in all populations ( Figure 2G -I, Table 1 ). In populations Cacequi and Quaraí, flowers from the middle and apical positions did not differ statistically, whilst the apical flowers are significantly larger in population São Vicente. Concerning the height of the calyx, the longest ones were found in the middle position of the inflorescence, although not different from apical flowers in population Cacequi ( Figure 2H , Table 1 Quaraí and São Vicente, basal and apical flowers did not differ in height of the calyx. Measures of the corolla's diameter and height revealed no consistent pattern over populations ( Figure 2J-L, Table 1 ). In population Cacequi, flowers of the middle position revealed larger diameter and height, while the diameter of basal and apical flowers did not differ and the height of basal flowers is the smallest ( Figure 2J , Table 1 ). The diameter of basal and apical flowers did not differ in population Quaraí ( Figure 2H , Table 1 ). In population São Vicente, no difference was observed for the diameter of corolla across the flower positions, while apical flowers revealed the largest height and basal and middle flowers did not differ in this population ( Figure 2I , Table  1 ).
Among populations differentiation
Multivariate analysis ( Figure 3A ) revealed differentiation for some samples from each population, mainly for samples from São Vicente and Quaraí, suggesting relatively differentiated trends among populations concerning the morphometric traits measured. The main characters related to this differentiation for population São Vicente were the height of the stamens in apical flowers [height of upper stamens in apical flowers (HUAA), height of lower stamens in apical flowers (HLAA) and total height of stamens in apical flowers (THA); Axis 2 in Figure 3A ] and the height of the stamens in median and basal flowers for population Quaraí [height of upper stamens in median flowers (HUAM), total height of stamens in median flowers (THM), height of upper stamens in basal flowers (HUAB) and total height of stamens in basal flowers (THB); Axis 1 in Figure 3A ].
Estimations of P/O ratio and OCI
Although the morphological traits suggest a tendency towards occurrence of outcrossing, the mean P/O ratios estimated in Cacequi (424.33±233.91 for basal flow- Figure 3B ) and in São Vicente (454.84±295.60 for basal flowers, 421.04±140.24 for middle flowers and 487.67±193.113 for apical flowers, Figure 3B ) did not differ statistically for flower positions and are intermediary between facultative autogamy and xenogamy (Cruden 1977) , suggesting a flexible reproductive system. In addition, this value corresponds to P/O ratios observed in intermediary to highly disturbed landscapes with pioneer species, an environment where floral self-compatibility and/or self-pollination usually occurs, mainly compensating the low incidence of pollinators. Similarly, the estimated outcrossing index was OCI = 2 (corolla with 2-6 mm = 2; homogamy = 0; possible contact between anther and stigma = 0), characteristic of plants that are self-compatible and autogamous, with a limited degree of outcrossing (Cruden 1977) . Plants with OCI = 2 includes native colonizers and plants growing in highly disturbed habitats (Cruden 1977) . The obtained value of seed/ovule ratio was 0.503±0.189, pointing to medium taxa of ovule abortion.
Discussion
Differentiation in floral morphology suggests ongoing evolutionary shift but no pattern of specialization for pollination
The tubular yellow hermaphrodite flowers of P. affinis are expected to attract insects, mainly bees, as observed in Uruguay (Galera 2000) and proposed for other Prosopis species (Vossler 2014) . Even though hermaphrodite flowers are common in Mimosoideae, they may be functionally andromonoecious as few Prosopis and Inga (Hoc et al. 1993 , Barros et al. 2013 or gynomonoecious as Acacia (Tybirk 1997) , and floral differentiation within the inflorescence may be related to ongoing evolutionary shifts.
The reduced stamens observed in some flowers of P. affinis in this study may represent a kind of sex allocation, precluding self-pollination in these flowers. Such female-male asymmetry may be related to flowers evolution considering that most of the modifications related to floral specialization are associated to inflorescence positions and size of gynoecium (Diggle 2003) .
In turn, morphological characteristics of calyx and corolla are direct related with pollinator attraction. While height of stamens revealed evidences of an evolutionary shift, no pattern of specialization related to pollination can be proposed based on the measurements of the calyx and corolla performed in the Pampean populations.
Long-term isolation may have caused geographic diversification in floral morphology among populations
The regional differentiation in characteristics of the inflorescences and/or flowers at population level determines a phase of the evolutionary variation in reproductive traits across the geographic range of a species (Etcheverry et al. 2008) . Thus, the pattern of differentiation among populations caused by the height of stamens may represent the beginning of such a floral specialization related to inflorescence portions in the Brazilian populations of P. affinis. Expansion of gallery forest species in this region of the Brazilian Pampa started about 5,000 years before present (Behling et al. 2005) . Considering that P. affinis populations were founded in the region at that time and assuming a generation interval of 15 years for the species, more than 330 generations have passed since establishment. Considering the patterns of fragmented landscape of the Brazilian Pampa concerning forest formations (Roesch et al. 2009 ), much likely no connection among populations existed since then and those populations experience a considerable long time of isolation and evolutionary shift. Since the evaluated floral traits have a genetic control, the geographic and reproductive isola-tion of the studied populations of P. affinis for such a long period may have contributed to the differentiation observed among populations. P/O ratio and OCI suggest a flexible reproductive system between facultative autogamy and xenogamy
The P/O ratio estimated for P. affinis in this study was lower than means reported by Cruden (1977) for the Mimosoideae Caliandra palmeri (863.3 ± 42.3), but similar to C. calistemon (526.5 ± 59.0), C. kimthii (328.7 ± 36.6) and C. anomala (246.1 ± 24.5). Even though such relatively low P/O ratio is a feature of Mimosaceae, the studied populations of P. affinis may be following such selection regarding economy in pollen production and a relative change in sex allocation through the shortening of stamens observed in some flowers.
In comparison to other xenogamous species, Mimosoideae subfamily present low values of P/O ratio (Cruden 1977) . These plants present low fecundity and invest maximal energy in pollen production. However, the reproductive benefit is reasonably high when pollination is effective. As proposed by Mazer & Delesalle (1998) , autogamous flowers would evolve favoring an effective P/O ratio consistent among flowers, producing as much pollen as needed to safeguard fertilization. On the other hand, outcrossing plants may experience selection towards a variation in sex allocation, conditional to temporal changes in the richness and efficiency of pollinators (Delesalle et al. 2008 ).
Outlook and perspectives
Flowers of P. affinis present upper stamens that support self-pollination, while the presence of flowers with reduced stamens supports the outcrossing. In addition, the estimations of P/O ratios and OCI are equivalent to species with a breeding system intermediary between facultative autogamy and xenogamy. Such estimations are also in accordance with the fragmented and disturbed agricultural matrix where populations occur, because pollinators may be less abundant and less effective, prejudicing outcrossing. In addition, since the multivariate analysis revealed flowers presenting a significant divergence among populations in relation to floral morphology, an evolutionary shift at geographical level may be in course. On the other hand, reproductive differentiation within inflorescence should be refuted since the P/O ratio in each population and overall did not differ statistically for flower positions, even though a higher number of flowers with reduction of stamens' height were observed in basal flowers, in comparison to other positions. Substantial evidence on this likely evolutionary shift might be obtained from further analyzes comparing isolated and larger continuous populations. In addition, genetic studies aiming to estimate the real outcrossing rate of P. affinis and controlled experiments to evaluate auto-compatibility are needed in order to get more information about this issue.
As a general conclusion, this study shows that P. affinis presents a breeding system intermediary between facultative autogamy and xenogamy, with upper stamens supporting self-pollination, reduced stamens supporting outcrossing and the likely occurrence of an evolutionary shift at geographical level. These findings highlight the importance of conserving the remnants of P. affinis in southern Brazil and further investigate the pollination biology, the breeding system and the genetic diversity of this species, in order to promote its conservation and better understand the effect of forest fragmentation in the Pampa biome. earlier version of this manuscript and MSc. Rafael Plá Matielo Lemos by field assistance.
